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The f i r s t  s t e p  i n  c o a l  l i q u e f a c t i o n  y i e l d s  c o a l  l i q u i d s  which a r e  h igh  i n  
n i t r o g e n ,  s u l f u r ,  and oxygen. These h e t e r o a t o m  must be removed before  t h e s e  c o a l  
l i q u i d s  can be t ransformed i n t o  s y n f u e l s  or pet rochemica l  s u b s t i t u t e s .  However, the 
c a t a l y t i c  removal of n i t r o g e n  (Hi)N) and oxygen (HDO) consumes e x c e s s i v e  amounts of 
hydrogen. This  e x c e s s  hydrogen is consuned i n  t h e  hydrogenat ion of a ronia t ics .  I f  i t  
were p o s s i b l e  t o  remove t h e  n i t r o g e n  and oxygen f r o u  c o a l  l i q u i d s  with a m i n i m u m  of 
hydrogen and a t  lower t e m p e r a t u r e s  than c u r r e n t l y  used, coa l  could becone a n  
economicai ly  v i a b l e  energy  source .  

Norkers have shown t h a t  iIDN c a t a l y s i s  of model s y s t e m  undergoes s i g n i f i c a n t  r a t e  
enhancement i n  t h e  presence  of H2S (1-5), and sone enhancement i n  t h e  presence  of H20 
(6,7). Other  workers  ( 8 , 9 )  have shown t h a t  tne a c i d i t y  of the  suppor t  is  important  i n  
t h e  enhancement of HD:I a c t i v i t y .  

We have r e c e n t l y  sugges ted ,  based on m e c h a n i s t i c  s t u d i e s  of 'XDN of n i t r o g e n  
he terocycles  t h a t  n u c l e o p h i l e s  such a s  H2S,  H 2 0 ,  and perhaps NH3 can enhance c a t a l y s i s  
by prouot ing  h e t e r o c y c l i c  r i n g  opening v i a  n u c l e o p h i l i c  a t t a c k  on the  metal-complexed 
he terocycle  (10).  W e  have a l s o  seen  i n  our work t h a t  t h e  a d d i t i o n  of a c i d s  a i d s  i n  
t h e  hydrogenat ion of n i t r o g e n  c o n t a i n i n g  h e t e r o c y c l e s  (11).  Thus i t  may be p o s s i b l e  
t o  i n c r e a s e  the  r a t e  of hydrogenat ion  of h e t e r o c y c l e s  w h i l e  not e f f e c t i n g  t h e  r a t e  of 
hydrogenat ion of o t h e r  a romat ics .  

The o b j e c t i v e  of t h i s  work is t o  deve lop  a n  unders tanding  of how n u c l e o p h i l e s  
such as H2S, SH-, and S=, ti 0 ,  NH3, and added a c i d s  e f f e c t  t h e  liDN process  of c o a l  
l i q u i d s  under c a t a l y s i s  c o n s i t i o n s .  
t h e  a d d i t i o n  of H2S or added a c i d s  t o  a n  SRC-I1  c o a l  l i q u i d  enhances t h e  removal of 
n i t r o g e n  under s t a n d a r d  HDIi c o n d i t i o n s .  

Experimental  Procedures  and P l a t e r i a l s  

From t h e  resul ts  of our work we have found t h a t  

SP.C-I1 middle  d i s t i l l a t e  was obta ined  from the  P i t t s b u r g  and Midway Mining Co. 
SKC p i l o t  p l a n t  a t  F o r t  Lewis, Washington. The cobalt-molybdenun c a t a l y s t ,  HT-400 
( 3  
Hydrogen s u l f i d e  (H2Sj was obta ined  from Matheson. 
an 112S(10%)/H~ g a s  mixture  were obta ined  from L i q u i d  Carbonic .  

coo, 1 5 . 1  w t %  Moo3, on A1203) w a s  o b t a i n e d  from Karshaw Chemical Company. 
Hydrogen (Hg), n i t r o g e n  (Nz), and 

Apparatus 

Hydrogenation reacLions  were performed i n  a 3 U O m L  Autoclave Engineers  (hE) 
Magnearive s t i r r e d  r e a c t o r ,  hea ted  wi th  a 1VOO-W e l e c t r i c  furnace  (AE). The tempera- 
t u r e  was c o n t r o l l e d  w i t h  a model CP t e n p e r a t u r e  c o n t r o l l e r  (E) .  The a u t o c l a v e  was 
connected through a sample gas  vent  t o  a C a r l e  S e r i e s  S gas  chromatograph (GC) adapted 
by Car le  t o  ana lyze  C1-cj , 'dz, 02. N2, and HzS. 

A n a l y t i c a l  Procedures  

Nuclear magnet ic  resonance (NMK) s p e c t r a  were o b t a i n e d  on a JEOL FX 90Q-spectro-  
meter .  
Parts Of CDC13. 
Samples were made 0.025 t.1 i n  Cr(Achc)3. 

MW samples  were prepared  by n i x i n g  one p a r t  by weight  of c o a l  l i q u i d  with two 
The c o n d i t i o n s  f o r  o b t a i n i n g  t h e  I3C 1MR Spect ra  were as f o l ~ o w s .  

The p u l s e  wid th  Was 6 ps and p u l s e  d e l a y  



4 
15 S .  

chosen f o r  q u a n t i t a t i v e  1 3 C  a n a l y s e s .  
The NNE o p t i o n  (he te rodecoupl ing  wi th  no Nuclear  Overhauser  enhancement) was 

The i n f r a r e d  (IR) s p e c t r a  were o b t a i n e d  on a Perkin-Elmer 281 spec t rophoto-  
meter. Elemental  a n a l y s e s  were obta ined  from G a l b r a i t h  L a b o r a t o r i e s .  (Ni t rogen  was 
determined by t h e  K j e l d a h l  method). 

C a t a l y s t  P r e p a r a t i o n  

The HT-400 cobalt-molybdenum c a t a l y s t  was ground and s ieved  t o  o b t a i n  a 60- t o  
200- mesh powder. 
(10%) i n  H2 f o r  24 h ,  then  s t o r e d  in a Vacuum Atmospheres Dri-box under N 2 .  
t h e  c a t a l y s t  was s u l f i d e d ,  i t  w a s  hea ted  f o r  2 h a t  40OoC under f lowing s y n t h e t i c  a i r ,  
p r e t r e a t e d  wi th  H Z ~ / ~ 2  n i x t u r e  f o r  1 h at room tempera ture ,  then  s lowly hea ted  to 
400°C over  a 2-h per iod) .  Anal.: Mo, 7.8%; S ,  7.75%. 

The c a t a l y s t  was a c t i v a t e d  a t  400°C i n  a f lowing mixture  of H2S 
(Before  

Standard Reac t ion  Procedures  

The a u t o c l a v e  was f i l l e d  under N 2  w i t h  the  d e s i r e d  q u a n t i t y  of a c t i v a t e d  c a t a l y s t  
For  

The 

and SRC-I1 l i q u i d .  The r e a c t o r  was then  charged w i t h  1200 p s i  of H2 (or HZ/H2S). 
t h o s e  r e a c t i o n s  us ing  H2S o n l y  or vhen NH3 was added, the  fo l lowing  procedure  was 
used: A t a r e d  20-mL m i n i r e a c t o r  was f i l l e d  w i t h  H2S or NU3 t o  t h e  d e s i r e d  weight .  
m i n i r e a c t o r  was then connected t o  the  300-mL a u t o c l a v e  and t h e  system was purged wi th  

N ~ .  
autoc lave .  

The 300-mL r e a c t o r  was cooled wi th  dry i c e .  and t h e  gas  w a s  condensed i n t o  t h e  

The system was heated t o  400°C and maintained a t  400°C f o r  1 h ,  at  which t ime t h e  
h e a t i n g  furnace  was removed. When t h e  r e a c t o r  had cooled t o  room tempera ture ,  GC 
a n a l y s e s  were performed on t h e  product  gases .  The l i q u i d  products  were removed and 
f i l t e r e d  t o  remove the  c a t a l y s t .  Dupl ica te  runs were made a t  e i t h e r  end of t h e  con- 
c e n t r a t i o n  range (analyzed n i t r o g e n  c o n t e n t  d e v i a t e s  no more than  0.02% i n  t h e  
d u p l i c a t e  runs). 

R e s u l t s  and Discuss ion  

Treatment  of SRC-I1 w i t h  Hydrogen S u l f i d e  (wi thout  c a t a l y s t )  

The d a t a  from the  r e a c t i o n s  Of HzS or HzS/H w i t h  t h e  SRC-I1 l i q u i d  a r e  shown i n  

The e v o l u t i o n  of 
T a b l e  1. When t h e  SRC-I1 was t r e a t e d  w i t h  H2S a i o n e ,  we observed some e v o l u t i o n  of 
gases  (1.96 mnol gas /g  c o a l  l i q u i d )  due to  H2, e t h a n e ,  and propane. 
gases  a f f e c t s  t h e  q u a l i t y  of t h e  remaining c o a l  l i q u i d s .  As determined by NMR, t h e  
f r a c t i o n  of a l i p h a t i c  hydrogen and carbon decreased  from 0.66 t o  0.60 and 0.32 t o  
0.30, r e s p e c t i v e l y ,  and t h e  H/C r a t i o  decreased  from 1.20 t o  1.15 from the  o r i g i n a l  
SRC-I1 l i q u i d .  
r e s u l t e d  i n  e s s e n t i a l l y  no change i n  hydrogen c o n t e n t  from the o r i g i n a l .  The I R  
s p e c t r a  of t h e s e  r e a c t i o n  products  are s i m i l a r  t o  t h a t  of t h e  o r i g i n a l  l i q u i d  and show 
no a b s o r p t i o n s  i n  t h e  r e g i o n  of 2550 t o  2600 cm-l where we expected t o  see  SH 
s t r e t c h e s .  
showed an i n c r e a s e  i n  s u l f u r  c o n t e n t  from 0.30% t o  0.54 and 0 . 4 X  r e s p e c t i v e l y .  These 
r e s u l t s  a r e  i n  accord w i t h  what might be expected based on S t e n b e r g ' s  work a t  h i g h e r  
tempera tures  (12) (45OoC v s  400°C used h e r e ) .  

I n  c o n t r a s t ,  t h e  t rea tment  of t h e  c o a l  l i q u i d  w i t h  t h e  H2S/U2 m i x t u r e  

Elemental  a n a l y s e s  of t h e  products  from t h e  HZS and H2S/H2 r e a c t i o n s  

Treatment  of SRC-I1 wi th  S u l f i d e d  C a t a l y s t  

I n  experiments  3 th rough 9 we t r e a t e d  50 g of t h e  c o a l  l i q u i d  u s i n g  a 1% concen- 
t r a t i o n  of s u l f i d e d  c a t a l y s t .  As seen  from Table  1 t h e  a d d i t i o n  of n u c l e o p h i l e s  such  
a s  HzS, HS-, S5, H20, or N H 3 ,  or added a c i d s  such as t r i f l u o r o a c e t i c  a c i d  (TFA), do 
not have a dramat ic  e f f e c t  of t h e  hydrogen uptake  (by H/C r a t i o )  or on t h e  a l i p h a t i c  
t o  a romat ic  r a t i o s  (by NEa) nor were t h e r e  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  I R  spectra of 
t h e  products  from t h e  r u n s .  However, as seen  from t h e  e l e m e n t a l  a n a l y s e s  of t h e s e  
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produc t s ,  t h e  n i t r o g e n  con ten t  of 0.74% (exp  3 )  i n  t h e  b a s e l i n e  run wi th  H2 decreased  
t o  0.56% (exp  4 )  i n  t h e  H2S/H2 run ,  and dec reased  t o  0.42% (exp  9) i n  t h e  TFA/Hz run -  
F igu re  1 shows t h a t  as t h e  H2S o r  TFA c o n c e n t r a t i o n  i n c r e a s e s ,  t he  n i t r o g e n  
c o n c e n t r a t i o n  of the  r e s u l t a n t  hydro t r ea t ed  product  dec reases .  The a d d i t i o n  of S= as 
Na2S (exp  7 )  o r  the  a d d i t i o n  of H20 (exp  5 )  t o  t h e  s t a n d a r d  r e a c t i o n  r e s u l t e d  i n  no 
enhancement over  t h a t  of exp  3. 
r e a c t i o n  (exp  6 ) ,  whereas  the  combination of NH3 and H2S r e s u l t e d  i n  only  a s l i g h t  
i n h i b i t i o n  of t h e  HDN r e a c t i o n  (exp  8). 

The a d d i t i o n  of NH3 seemed t o  i n h i b i t  t h e  HDN 

Tab le  1. Reac t ions  wi th  1% S u l f i d e d  C a t a l y s t  at  400°C f o r  1 h 
w i t h  1200 ps i& of H2 (o r  H2S/H2) 

Experiment a A d d i t i v e  (mole w t X ) b  

SRC-I1 
1c.d 

3 
4 
5 
6 
7 
8 
9 

2d 

-- 
H2S (0.27) 
H2s (0.084) 

H2S (0.084) 
H20 (0.14) 
NH3 (0.084) 

-- 

Na2S (0.084) 
N B ~ H S  (0.084) 
TFA (0.054) 

X N  %S H / C  %Halip 
__.- - -  

0.98 0.39 1.20 66 
1.00 0.54 1.16 G O  
0.92 0.43 1 .21  67 
0.74 0.04 1 .23  71  
0.56 0.12 1 .23  72 
0.75 -- 1.27 72 
0.99 0.03 1.24 72 
0.72 0.18 1.20 73 
0.87 0.15 1 .23  73 
0.42 0 .1s  1.22 70 

“a l iph  

32 
30 
33 
38 
40 
30 
37 
38 
39 
37 

aDup l i ca t e  runs .  
bMoles of a d d i t i v e  per  50  g of c o a l  l i q u i d .  
CNo hydrogen used. 
dNo c a t a l y s t  used. 

Conclus ions  

The a d d i t i o n  of f r e e  H2S under c o a l  l i q u i d  upgrading  cond i t ions  a i d s  i n  the  HDN 
p rocess .  These r e s u l L s  v a l i d a t e  the  HDN node l ing  s t u d i e s  of Bhinde e t  a l .  (1)  and  
t h o s e  of S a t t e r f i e l d  (2-5) and a r e  i n  acco rd  w i t h  OUT p r e d i c t i o n s  (10). Fur ther -  
more, i n  c o n t r a s t  t o  the  runs without  c a t a l y s t ,  t he  a d d i t i o n  of H s wi th  C a t a l y s t  
l e a d s  t o  t h e  product t h a t  has a reduced s u l f u r  c o n t e n t .  
TFA a i d s  i n  the  tDX p r o c e s s .  Althoubh the  H3N enhancement r e s u l t i n g  f r o n  t h e  
a d d i t i o n  of  TFA i s  most l i k e l y  due t o  i ts  a c i d i c  p r o p e r t i e s ,  s i n c e  i t  decomposes 
d u r i n g  t h e  HDN r e a c t i o n  it i s  d i f f i c u l t  t o  de te rmine  a t  what s t e p  i n  the  HDN p rocess  
t h e  a c c e l e r a t i o n  occur s .  However our p re l imina ry  r e s u l t s  a r e  encouraging  and wi th  
f u r t h e r  expe r imen ta t ion  w e  may be a b l e  t o  make s u b s t a n t i a l  Improvement In  the  tlDN 
p r o c e s s  which w i l l  r e s u l t  i n  cons ide rab le  c o s t  b e n e f i t .  
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